Silicate melts at the top of the transition zone and the core-mantle boundary have significant influences on the dynamics and properties of Earth's interior. MgSiO 3-rich silicate melts were among the primary components of the magma ocean and thus played essential roles in the chemical differentiation of the early Earth. Diverse macroscopic properties of silicate melts in Earth's interior, such as density, viscosity, and crystal-melt partitioning, depend on their electronic and short-range local structures at high pressures and temperatures. Despite essential roles of silicate melts in many geophysical and geodynamic problems, little is known about their nature under the conditions of Earth's interior, including the densification mechanisms and the atomistic origins of the macroscopic properties at high pressures. Here, we have probed local electronic structures of MgSiO 3 glass (as a precursor to Mg-silicate melts), using high-pressure x-ray Raman spectroscopy up to 39 GPa, in which high-pressure oxygen K-edge features suggest the formation of tricluster oxygens (oxygen coordinated with three Si frameworks; [3] O) between 12 and 20 GPa. Our results indicate that the densification in MgSiO 3 melt is thus likely to be accompanied with the formation of triculster, in addition to a reduction in nonbridging oxygens. The pressure-induced increase in the fraction of oxygen triclusters >20 GPa would result in enhanced density, viscosity, and crystal-melt partitioning, and reduced element diffusivity in the MgSiO 3 melt toward deeper part of the Earth's lower mantle.
Silicate melts at the top of the transition zone and the core-mantle boundary have significant influences on the dynamics and properties of Earth's interior. MgSiO 3-rich silicate melts were among the primary components of the magma ocean and thus played essential roles in the chemical differentiation of the early Earth. Diverse macroscopic properties of silicate melts in Earth's interior, such as density, viscosity, and crystal-melt partitioning, depend on their electronic and short-range local structures at high pressures and temperatures. Despite essential roles of silicate melts in many geophysical and geodynamic problems, little is known about their nature under the conditions of Earth's interior, including the densification mechanisms and the atomistic origins of the macroscopic properties at high pressures. Here, we have probed local electronic structures of MgSiO 3 glass (as a precursor to Mg-silicate melts), using high-pressure x-ray Raman spectroscopy up to 39 GPa, in which high-pressure oxygen K-edge features suggest the formation of tricluster oxygens (oxygen coordinated with three Si frameworks; [3] O) between 12 and 20 GPa. Our results indicate that the densification in MgSiO 3 melt is thus likely to be accompanied with the formation of triculster, in addition to a reduction in nonbridging oxygens. The pressure-induced increase in the fraction of oxygen triclusters >20 GPa would result in enhanced density, viscosity, and crystal-melt partitioning, and reduced element diffusivity in the MgSiO 3 melt toward deeper part of the Earth's lower mantle.
silicate melts at high pressure ͉ tricluster oxygen T he nature of silicate melts at high pressure and temperature governs magmatic processes in the Earth's interior and it probably dominated the differentiation of Earth in the Hadean magma ocean where significant fractions of the Earth were melts (1) (2) (3) . It has been suggested that the potential presence of silicate melts, primarily in MgSiO 3 composition, at the top of the transition zone (4) (5) (6) and in the core-mantle boundary (7, 8) significantly contributes to the seismic heterogeneity of the regions. Pressure-induced structural changes in the silicate melts play an important role in the macroscopic thermodynamic, transport, and electronic properties at high pressure (e.g., refs. 9-13). Despite their importance and implications for global geophysical processes in the Earth's interior as precursors to crystalline MgSiO 3 phases, including perovskite and postperovskite (14, 15) , the high-pressure structures of MgSiO 3 glass and melt remain enigmatic because of their inherent structural disorder and the lack of suitable experimental probes at high pressures. In other binary alkali and ternary aluminosilicate glasses, the densification mechanism is mostly associated with an increase, either gradual or abrupt, in the coordination number of the framework cations, such as Si and Al from 4 to 5 and 6 at the expense of the nonbridging oxygen (NBO) (11, 12, (16) (17) (18) (19) (20) . However, pressure dependence of the coordination transformation for fully polymerized covalent oxide glasses, including archetypal SiO 2 and B 2 O 3 intrinsically results from the formation of the triply coordinated oxygen ( [3] O), as evidenced from ab initio molecular dynamics simulations of the SiO 2 melt at high pressures up to 20 GPa (21) and oxygen K-edge x-ray Raman studies of amorphous B 2 O 3 at high pressures (22) .
Formation of tricluster is known to be one of the dominant factors affecting the melt properties at high pressure, potentially explaining the anomalous pressure-induced changes in viscosity and oxygen diffusivity (9, 23, 24) . The presence of the oxygen tricluster may significantly enhance the partitioning coefficient of an element between crystals and Mg-silicate melts in Earth's interior and probably account for the low solubility of noble gases in the melt at high pressure (25) . The formation of five-and sixfolded silicon ( [5, 6] Si) in the highly depolymerized MgSiO 3 glass is expected to be associated with the formation of the oxygen tricluster, considering similar densification behavior of Si with the fully polymerized silicates [see the supporting information (SI) for details]; however, experimental evidence for its formation in the silicate melts and glasses at high pressure is lacking. We have recently shown that synchrotron x-ray Raman scattering (also known as inelastic x-ray scattering) with diamond anvil cells (DACs) provides detailed information on the pressure-induced electronic bonding changes for low-z elements in amorphous oxides, such as borates and SiO 2 glasses (22, 26, 27) and other crystalline and molecular compounds (28) (29) (30) (31) (32) . As discussed in detail in refs. 26 and 28, oxygen K-edge x-ray Raman scattering is currently the only available in situ experimental technique to directly reveal the pressure-induced electronic bonding changes around oxygen atoms in oxide glasses. Here, we have studied the oxygen K-edge x-ray Raman spectra of MgSiO 3 glass at pressures up to 39 GPa where the formation of the triclustered oxygen bonds at high pressures is suggested.
Results and Discussion
The oxygen K-edge spectra of MgSiO 3 glass with a dominant feature at 538-539 eV show negligible changes in the pressure range between 1 atm and Ϸ12 GPa. Above 20 GPa, the spectra show a distinct feature at Ϸ544-545 eV, wherein the spectral features gradually shift to higher energies with increasing pressure (Fig. 1 A  and B) . The occurrence of the spectral feature near 545 eV at high pressures may stem from a variety of pressure-induced structural changes in the MgSiO 3 glass, such as the formation of the [3] O tricluster, an increase in the Mg-O distance, reduction in NBO, and formation of oxygen linking [4] Si and highly coordinated silicon, such as [4] Si-O- [5, 6] Si and [6] Si-O- [6] Si. To explain the spectral feature observed at 544-545 eV in the x-ray Raman spectra of the MgSiO 3 glass at high pressure, we explored the oxygen K-edge x-ray Raman spectra for model amorphous and crystalline MgSiO 3 and SiO 2 phases at ambient conditions with known short-range local structures [e.g., bridging oxygen (BO), NBO, and edge-sharing oxygen] (Fig. 2 ). This approach is particularly helpful because the connection between x-ray Raman features and the local oxygen electronic bonding environment has not been fully understood in these materials. The x-ray Raman spectra for amorphous SiO 2 glass at 1 atm and MgSiO 3 glass are similar and consist of a broad peak at Ϸ538 eV, consistent with previous studies of the oxygen K-edge spectra of SiO 2 glasses at 1 atm (27, 33, 34) (Fig. 2 A) . This indicates that both NBO (Mg-O- [4] Si) and BO ( [4] Si-O- [4] Si) have similar oxygen K-edge features, arising from the insignificant effect of Mg to the oxygen K-edge feature (Fig. 2B) . At Ϸ538 eV, the oxygen K-edge spectrum for quartz shows a distinct feature because of [4] Si-O- [4] Si (Ref (27, 33, 34) .). The spectrum for ilmenite-type MgSiO 3 shows distinctive features at 537 and 541 eV. This peculiar feature for the edge-sharing oxygen configuration is similar to that of stishovite (27) , indicating close proximity of oxygen around oxygen with its second nearest neighbors. The oxygen K-edge spectrum of pyroxene shows a broad feature at 539-540 eV that stems from the smaller Si-O-Si angles in pyroxene (138.3°and 131.4°) compared with that in quartz (143.6°) (Fig. 2C) . The oxygen K-edge spectrum of perovskite with all corner-sharing [6] Si-O- [6] Si shows an increase in the intensity at Ϸ543 eV ( Fig. 1D ), indicating pressure-induced Si coordination transformation (see SI for more discussion).
The abovementioned analyses of the model systems provide a basis for interpreting the local electronic structures of the MgSiO 3 glass at high pressures ( Fig. 1) . Most of the features relevant to the local oxygen configurations observed for the crystalline phases at high pressure, including both the specific bond angles, length effect of crystals, edge-sharing oxygen (537 and 541 eV), and [6] Si-O- [6] Si (543 eV), cannot explain the significant changes observed for the glasses at high pressures. In particular, pressure-induced changes in the Mg-O distance or the formation of [4] Si-O- [5, 6] Si because of the reduction in NBO can only partially contribute to the occurrence of the spectral features at 545 eV (Fig. 1C) . Previous oxygen K-edge studies of B 2 O 3 and SiO 2 glasses, using x-ray Raman spectroscopy, have shown that the edge feature is sensitive to the change in the coordination environment of oxygen: Similar features (increase in intensity with pressure in high energy region) were observed for oxygen K-edge x-ray Raman spectra for B 2 O 3 glass, which has been attributed to the formation of triply coordinated oxygen with highly coordinated borons, [4] B (22) . A similar oxygen K-edge feature at 543 eV for SiO 2 glass has been interpreted as the formation of stishovite-like [6] Si in SiO 2 glass at high pressures (27) . We note that the coordination transformation of Si in the SiO 2 glass is uniquely accompanied by the formation of oxygen atoms that are triply coordinated by [5, 6] Si. Recent theoretical calculations of the local structure of SiO 2 glass have shown that a significant increase in the fraction of highly coordinated Si at Ϸ20 GPa (35), consistent with the changes in the oxygen K-edge x-ray Raman spectra with pressure (27) . Molecular dynamics simulations have also reported that the fraction of the oxygen triclusters in Na 2 Si 4 O 9 melt increases from 0% at 1 atm to the 30% at 30 GPa (24). Therefore, the oxygen K-edge feature at 545 eV in the MgSiO 3 glass at pressures Ͼ20 GPa can be attributed to the formation of the triply coordinated oxygen and changes in the short-to medium-range structures that are associated with the formation of the triply coordinated oxygen at pressures Ͼ20 GPa (i.e., formation of a three-member ring, an increase in bond length, and a decrease in bond angle). The shift in the oxygen K-edge energy of MgSiO 3 glass corresponds to the topological changes with pressure, such as the bond length and angle, as reported in refs. 22 and 31. The pressure-induced energy shift in the oxygen K-edge observed here can thus be assigned to ring-statistics associated with a reduction in the bond angle and the formation of smaller member rings. The shift in the edge energy is apparently irreversible when decompressed from Ͼ30 GPa. The energy difference of 1-2 eV between the x-ray Raman spectra of the initial and decompressed MgSiO 3 glass from 30 GPa to 1 atm cannot be simply explained by the experimental uncertainty in the spectra, because the uncertainty in the energy calibration at the synchrotron beam lines used in this study is Ͻ0.4 eV (see SI for details). This irreversible change in edge energy is consistent with the permanent densification of MgSiO 3 glass likely due to the changes in the ring-statistics.
To qualitatively understand the fraction of the oxygen tricluster in MgSiO 3 glass at high pressures, the ratio of the area under the 545 eV peak to the total area was derived (Fig.  3) . Because the feature in the x-ray Raman spectrum can arise from complex multielectronic transitions spanning from preedge to the extended region, the Gaussian de-convolution of x-ray Raman spectrum may not properly describe the changes in bonding. The purpose of the current analysis is, therefore, not designed to provide the quantitative information about the fraction of tricluster (the full x-ray Raman profile would be necessary to achieve this feat). Rather, the current fitting approach is used to provide the qualitative trend in the fractions of the oxygen K-edge features that are relevant to the formation of oxygen tricluster at high pressure. A dramatic increase in the fraction of the spectral feature at 545 eV between 12 GPa and 20 GPa in the MgSiO 3 glass reveals an electronic bonding transition, which is referred to be due to oxygen coordination transformation. Ab initio MD simulations Fig. 3 . Pressure dependence of the fraction of the spectral feature centered at 545 eV (X545 eV). The thin solid line is a guide to the eye only. Each spectrum in Fig.  2 was fitted to a model consisting of three Gaussian peaks (one for the 545 eV peak and two for the other regions to obtain relative fraction) and the fraction is obtained by calculating the ratio of the area under the 545 eV peak to the total area from Ϸ532 eV to 551 eV. As mentioned in the text, the fitting approach is used to provide the qualitative trend in the fractions of the oxygen K-edge features at high pressures. [4] Si-O- [4] Si), whereas, in MgSiO3 glass at 1 atm, approximately one-third of the oxygens are BOs, and the rest are nonbridging oxygens (NBOs) (Mg-O- [4] Si) (40) . The spectral feature in the lower energy region for MgSiO3 glass is slightly broader than that of SiO2 glass. This can be explained by the existence of the NBO in the former, in which the oxygen 2p projected partial density of states has unoccupied states at slightly lower energy than BO (41) . The features at 537 and 541 eV in the spectrum for ilmenite-type MgSiO3 are associated with oxygen p-p hybridization with another nearby oxygen specific for edge-sharing oxygens. (C) Oxygen K-edge spectra for pyroxene and quartz. The low energy feature for pyroxene is probably associated with Mg-O- [4] Si (41) . The 538 eV feature in quartz arises from the transition of the core electrons from 1s states to unoccupied oxygen 2p states hybridized with the silicon 3s and 3p states in two nearby [4] Si and that at Ϸ546 eV apparently originates from its long-range periodicity as it becomes prevalent for the larger clusters with several coordination shells in full multiple-scattering simulations (33) . (D) Oxygen K-edge spectra for amorphous MgSiO3 at 1 atm and perovskite. The significantly different oxygen coordination environments for perovskite and glass at 1atm (i.e., [6] Si-O- [6] Si for perovskite vs. [4] Si-O- [4] Si and Mg-O- [4] Si for MgSiO3 glass at 1 atm) do not lead to significant changes in the x-ray Raman features.
(12, 13) of MgSiO 3 liquid at the pressures of the core-mantle boundary indicate that the reduced fraction of the NBO is a major densification mechanism in silicate melts. Together with the formation of the oxygen triclusters, these trends suggest multiple densification mechanisms in the MgSiO 3 melt at high pressure. The schematic atomic configuration for one of the oxygen triclusters coordinated with three [5] Si atoms responsible for the high-energy edge feature (Fig. 4A ) is shown along with a possible mechanism of its formation (Fig. 4B) . Although the mechanism is based on the transformation of the BO to [3] O with pressure, it is likely that the oxygen triclusters in MgSiO 3 glasses can also be formed from the NBO (NBO 3 [3] O). The formation of the triclusters in Mg-silicates may initiate the formation of smaller member rings (including three-member rings), in which the larger member ring (e.g., a five-member ring) acts as a strain energy reservoir in the formation of the highly coordinated Si and tricluster (Fig. 4B ) (36) . The broadening of the oxygen K-edge feature in MgSiO 3 glass also suggests an increase in the topological disorder and significant changes in the medium-range order with increasing pressures (37) , although the detailed atomic configurations and effects on the x-ray Raman features require further exploration.
Our study of MgSiO 3 glass-a precursor for the MgSiO 3 melt at high pressures-indicates the formation of the oxygen triclusters and associated changes in the atomic configuration in short-to-medium range, with a reduction in the NBO, above Ϸ20 GPa. These changes would affect the thermodynamic (e.g., density, molar volume, and crystal-melt partitioning) and transport properties of silicate melts (e.g., viscosity and diffusivity) toward the deeper part of the Earth's lower mantle. Although the effect of temperature needs further exploration to obtain insights into melts, the formation of oxygen triclusters can be an efficient densification mechanism in the MgSiO 3 melt in Earth's mantle and may explain the atomistic origin of the high-density Mg-silicate melts at the core-mantle boundary (7, 8) . Changes in the local electronic structure and composition of silicate melts are believed to promote the partitioning of elements between crystalline phases and melts in the Earth's mantle (10, 38, 39) . The increase in the fraction of the oxygen triclusters with smaller member rings results in a reduced free volume needed to host elements that are more incompatible. That is, the triclustered oxygens increase the crystal-melt partitioning coefficient (D crystal-melt ) of elements, such as radioactive nuclides [i.e., (d [3] O/dP) T ϭ (dD crystal-melt /dP) T ], thereby significantly affecting the process of the chemical differentiation in the Hadean magma oceans. The continuous increase in the fraction of the triclustered MgSiO 3 melt at high pressures and temperatures thus needs to be taken into account in future modeling to improve our understanding of the microscopic origins of the geochemical and geophysical processes in the Earth's interior.
Materials and Methods
MgSiO3 glass was synthesized by melting MgCO3 and SiO2 powder at 1,650°C and quenching to ambient conditions. The samples were loaded into the sample chamber of a Be gasket in a DAC with a few ruby spheres as the pressure calibrant without a pressure medium. Because no pressure medium was used to minize scattering or absorption from pressure medium, the stress condition upon pressurization in DAC is uniaxial. Although stress conditions upon compression (i.e., uniaxial vs. hydrostatic) may affect the glass structure under pressure, its effect is unlikely to be significant, mostly because of the isotropic nature of the silicate glasses without directional bonding changes with pressure. An experiment with hydrostatic condition (with the pressure medium) is essential to explore the effect of stress condition on the pressure-induced changes in electroning bonding environment in oxide glasses including borate that apparently have directional bonding associated with boroxol ring. Diamonds with flat culets of 150 -500 m depending on the phases and pressure ranges of the experiments were used for high-pressure x-ray Raman experiments up to 39 GPa. The thickness of the sample in the gasket was Ϸ30 -80 m at high pressures. Crystalline MgSiO3 pyroxene was synthesized in a gas-mixing furnace, and ilmenite and perovskite samples were synthesized in a multianvil apparatus. It should be mentioned that the crystal structures of these materials were confirmed by x-ray diffraction and optical Raman spectroscopy before experiments.
The x-ray Raman spectra were collected at beam line BL12-XU of the SPring-8 (for crystalline MgSiO3 phases and MgSiO3 glass at 1 bar and 5 GPa, respectively), beam line 13ID-C of the Geo Soil Enviro Consortium for Advanced Radiation Sources (1 bar, 26 GPa, and 39 GPa), and beam line 16ID-C of the High Pressure Collaborative Access Team (at 12, 20, 30, and 2 GPa for decompressed MgSiO3 glass from 30 GPa, quartz, and SiO2 glass) of the Advanced Photon Source. X-ray Raman spectra for these crystalline samples and SiO2 glass at 1 bar were collected for the samples mounted directly on the goniometer without DAC (and thus without cold compression). The x-ray Raman spectra were collected by scanning the energy of the incident beam relative to the analyzer with a fixed elastic energy (E0) of 9.886 keV at beam line BL12XU, 9.692 keV at the Geo Soil Enviro Consortium for Advanced Radiation Sources, and 9.686 keV at the High Pressure Collaborative Access Team. The x-ray Raman scattering signals were collected at a scattering angle of 18°at the Geo Soil Enviro Consortium for Advanced Radiation Sources and 30°at the High Pressure Collaborative Access Team with a linear array of six spherical Si (660) analyzers operating in a backscattering geometry. An array of three Si (555) analyzers with a scattering angle of 30°were used for the experiment performed at BL12-XU (31). Oxygen K-edge spectra were collected at pressures up to 39 GPa. A two-point smoothing was used. The x-ray beam size was Ϸ80 m horizontally and 20 m vertically at the Geo Soil Enviro Consortium for Advanced Radiation Sources and High Pressure Collaborative Access Team and was 20 ϫ 20 m at the BL12-XU. X-ray Raman spectra were collected with Ϸ0.5 eV steps for the data collected at the High Pressure Collaborative Access Team and BL12-XU. At the Geo Soil Enviro Consortium for Advanced Radiation Sources, the x-ray Raman spectrum near the main edge feature was scanned at an energy step of Ϸ0.7 eV from 532 to 550 eV; scan steps of 1.9 eV and 1 eV were used for data collection Ͼ550 eV and Ͻ532 eV, respectively. No significant spectral feature was observed from Ϸ522 to 532 eV, which was used as the background spectrum. Raw x-ray Raman spectra were background-subtracted, and then most of the spectra were normalized to the continuum energy tail Ͼ555 eV. By comparing the spectra from the three beam lines used, the uncertainty in the edge energy of the spectra was identified to be Ͻ0.4 eV (see SI for details). The pressure uncertainties were calculated from multiple measurements from the ruby spheres before Here, the blue bridging oxygen in the five member ring (Left) approaches toward [4] Si and forms [5] Si and tricluster oxygen (Right) with three member rings. A similar mechanism for the tricluster formation was proposed for borosilicate glasses at 1 atm (36) . and after the x-ray measurements, which can be attributed to the relaxation of the sample chamber during the experiments and the pressure gradient across the sample.
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